Introduction
Colon cancer is one of the most common types of tumors in humans. 1 Many researchers have shown that SMAD4 is frequently lost in colon cancers, which is associated with the development of metastases and a poor prognosis.
1,2 Smad4 mutations were observed in 95% invasive and metastatic colon cancers. 2 Many studies have demonstrated the Smad4 pathway has been shown to mediate the antimetastatic role in colon cancer metastasis. [1] [2] [3] [9] [10] [11] [12] [13] [14] [15] This study and other researcher's previous studies found that Smad4 was associated with poor prognosis in patients with colon cancer and inhibited tumor metastasis through multiple processes, including the inhibition of apoptosis and inhibition of the epithelial-mesenchymal transition (EMT) process, and phosphatidylinositol 3-kinase-Akt (PI3K-Akt) signaling pathway. [1] [2] [3] 9, 15, 25 However, the exact mechanism remains unclear. Therefore, studying the role of Smad4 in tumor metastasis is essential for developing more effective treatments and improving colon cancer patients' prognosis.
Recently, many miRNAs-related metastasis gene have been identified. 4 ,5 miRNAs are 20-22 nucleotide endogenous noncoding RNAs, which repress target gene expression at the post-transcriptional level and are now considered to be major regulators of gene expression for at least 30% of human genes. [5] [6] [7] Functional studies indicate that miRNAs have important functions in tumor progression, especially recurrence, drug resistance, and metastasis. [4] [5] [6] [7] [8] A lot of researchers have provided strong evidence that miRNAs play an important role during tumorigenesis and tumor progression. [4] [5] [6] [7] [8] Given that miRNAs play a significant role in gene regulation and tumorigenesis, and Smad4 is the central component of the TGF-β and bone morphogenetic protein signaling pathway which plays an important role in cancer progression, miRNAs might interact with the Smad superfamily in tumors. 6, 7 Thus, we hypothesized that Smad4 may mediate the activation or inhibition of miRNAs, which could influence colon cancer metastasis. Until now, there are no reports about the miRNA expression profile following smad4 reexpression in a colon cancer cell model. In this study, we profiled the miRNAs of the SW620 colon cancer cell line transfected with smad4 lentiviral vector, which can get stable reexpression of Smad4. Fifty-three known miRNAs were found to be differentially expressed. Some of the differentially expressed miRNAs might be potential biomarkers for colon cancer. Thus, we provide a new context to study the mechanism by which Smad4 inhibited tumor metastasis.
Materials and methods

Establishment of colon cancer cell lines with stable overexpression of Smad4
Human colon adenocarcinoma cell line SW620, which was derived from lymph node metastasis and does not express Smad4, was obtained from American Type Culture Collection (Manassas, VA) and was cultured in RPMI 1640 media supplemented with 10% FBS. The full-length coding region of Smad4 gene was amplified with PCR, and the amplified fragment was cloned into the lentiviral vector GV248. The recombinant lentiviral vector was transfected into 293 T cells for packaging the virus, which was then transfected into colon cancer SW620 cells. The stably transfected cells were selected with G418, and the cellular expressions of Smad4 mRNA and protein were detected using quantitative PCR and Western blotting (WB).
smRNA library construction and nextgeneration sequencing Six samples were selected randomly each from control group (smad4-negative cells) and Smad4 group (Smad4-positive cells), and sequenced by second-generation illumina highthroughput sequencing, screened for differentially expressed miRNA. Briefly, total RNA was collected from three pairs of Smad4-positive cells and matched smad4-negative cells by using TRIzol reagent (Life Technologies, Carlsbad, CA, USA). Qualified RNA with A260/A280 ratio more than 1.8 was subsequently assessed for RNA integrity by conducting the DNA chip assay. smRNA libraries were constructed by using a smRNA sample prep kit (Illumina, San Diego, CA, USA) following the standard protocols. Eventually, the libraries which were constructed from three independent Smad4-positive cells and three matched independent smad4-negative cells were sequenced by applying Illumina HiSeq 2500 (Illumina, USA) at GENE DENOVO (Guangzhou, People's Republic of China) strictly following the standard protocols.
Data analysis
Consensus Assessment of Sequence and Variation (version 1.8.2; all Illumina, Inc.), Illumina HiSeq Control software (version 2.0.12), and Real-Time Analysis software (version 1.12.4.
2) were applied to analyze the raw data. Differential expression levels of miRNA were calculated and standardized to reads per million, as follows: Counts/total count of each sample ×1 million. Target genes of differentially expressed miRNAs were predicted using the TargetScan database, miRDB database, and miRanda database, which were downloaded from http://www.targetscan.org/, http://www. mirdb.org/, and http://www.microrna.org/, respectively. The predicted genes underwent Gene Ontology (GO; http://www. geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/) pathway analyses using the functional annotation tools of the Database from Annotation, Visualization, and Integrated Discovery (DAVID; http://david.abcc.Ncifcrf.gov/). The enrichment of GO terms and KEGG pathways were selected using a cutoff standard of P<0.01 and false discovery rate<1.
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Smad4-mediated miRNA expression profiling in SW620 human colon cancer cells Quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR) Smad4-negative cells and Smad4-positive cells were collected. Following total RNA isolation, cDNA were synthesized using a miDETECT A Track TM miRNA qRT-PCR Starter kit (RIOB IO Biotechnology Co., Ltd., Guangzhou, People's Republic of China). All the miRNA primers (miDETECT A TrackTM miRNA qPCR Primer Set, including hsa-miR323b-3p, hsa-miR-323b-3p, hsa-miR-371a-5p, hsa-miR-708-3p, hsa-miR-6852-5p, hsa-miR-767-5p, hsa-miR-382-5p, hsa-miR-514a-3p, hsa-miR-1289, hsa-miR-1537-5p, hsamiR-23c, hsa-miR-3199, hsa-miR-3619-5p, hsa-miR-3657, hsa-miR-548u, hsa-miR-5699-5p, hsa-miR-874-5p) and control primer (miDETECT A TrackTM U6 qPCR Primer Set) were also purchased from this company. qPCR was performed on an ABI 7500 real-time PCR system (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer's protocol by miDETECT A TrackTM miRNA qPCR kit (RIOB IO Biotechnology Co., Ltd.). Dissociation curve analysis was used to verify the generation of single products. U6 was used as a reference gene, and all reactions were repeated three times. Data were analyzed using the ABI 7500 Prism sequence detection software (Applied Biosystems) and the relative expression was calculated using the 2− ΔΔCq method.
WB
Total cell extracts were prepared in a lysis buffer (Solarbio, Peking, People's Republic of China). After 10 minutes on ice, cell debris was removed by centrifugation at 10,000 g for 10 minutes. Protein concentrations were determined by the BCA method (Sigma, Santa Clara, CA, USA) using BSA as a control. Proteins were separated by SDS-PAGE and then transferred onto polyvinylidene difluoride membranes (Minipore, Billerica, MA, USA), which were treated with the appropriate primary antibodies (Abcam, UK). Antibody-bound proteins were detected by a chemiluminescence method according to the manufacturer's protocol (CB Company, Murray, UT, USA). 
Migration and invasion assays
Statistical analysis
Statistical analysis was performed using SPSS statistical software (version 17.0; SPSS, Inc., Chicago, IL, USA). The significant difference between the two groups was analyzed by one-way analysis of variance using paired t-test. Data are expressed as mean ± SD. P<0.05 was considered as significant difference.
Results
Stable overexpression of Smad4 in SW620 colorectal cancer cell line
First, we chose the SW620 human colon cancer cell model, which is null in Smad4 expression. To get the stable expression of Smad4 gene, we transfected the lentiviral Smad4 vector into the cells and got the stable cell model, SW620 Smad4, which reexpressed the gene of Smad4. As shown in Figure 1A , B, we performed WB and qRT-PCR and found that transfection of Samd4 activated the reexpression of Smad4.
miRNA expression profiles following stable Smad4 re-expression
To identify the difference in miRNA expression in control group (smad4-negative cells) and Smad4 group (Smad4-positive cells), we used the second-generation illumina highthroughput sequencing technology and screened differentially expressed miRNAs. We found that 53 differentially expressed miRNAs (including 43 upregulated and 10 downregulated known miRNAs, respectively) in the SW620-Smad4 cells in contrast to the SW620-control cells. Table 1 summarizes the 53 miRNAs that show the significant differences. We also found the novel differentially miRNAs expression profiles of the two cell lines, which is shown in Table 2 , especially, novel-m0099-5p, novel-m0100-5p, novel-m0101-5p, novelm0102-5p, and novel-m0103-5p were reduced by about 63 times and novel-m0188-5p, novel-m0030-5p, novelm0227-3p, novel-m0228-3p, and novel-m0251-5p were increased by about 8, 16, 23, 23, 10 times, respectively. 
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Validation of differentially expressed miRnas
miRNA-specific qRT-PCR was performed to validate the differentially expressed miRNAs. As shown in Figure 2A , the expression levels of hsa-miR-323b-3p, hsa-miR-323b-3p, hsa-miR-371a-5p, hsa-miR-708-3p, hsa-miR-6852-5p, hsamiR-767-5p, hsa-miR-382-5p, and hsa-miR-514a-3p were significantly upregulated in SW620-Smad4 cells, whereas, as shown in Figure 2B , hsa-miR-1289, hsa-miR-1537-5p, hsamiR-23c, hsa-miR-3199, hsa-miR-3619-5p, hsa-miR-3657, hsa-miR-548u, hsa-miR-5699-5p, and hsa-miR-874-5p were downregulated. These findings are consistent with the results of the miRNAs sequencing results.
GO analysis of predicted target genes of differentially expressed miRNAs
To investigate the potential predicted target gene enrichment in cellular component (Table 3 ), molecular function (Table 4 ), 
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Smad4-mediated miRNA expression profiling in SW620 human colon cancer cells and biological process (Table 5) , GO analysis was performed with the differentially expressed miRNAs following Smad4 reexpression. The results suggested that a lot of functional signaling pathways were enriched, including those involved in the regulation of cellular metabolic process, anatomical structure development, developmental process, and regulation of molecular-binding processes. In addition, the intracellular part exhibited the most increased enrichment of GO terms in Smad4 reexpression cell (Table 3) .
KEGG pathway analysis of predicted target genes of differentially expressed miRnas KEGG pathway analysis was also performed with the differentially expressed miRNAs following Smad4 reexpression, which indicated that vascular smooth muscle contraction pathways and pathways in cancer metastasis were changed and corresponded to differentially expressed transcripts ( Table 6 ).
Validation of partial sequencing data analysis results
To demonstrate our hypothesis, we first screened the expression of Smad4 in six kinds of colon cancer cells including SW480, SW620, RKO, HCT116, LOVO, and HCT8. As shown in Figure 3A , the expression level of Smad4 was null in SW480 and SW620 cells, whereas RKO, HCT116, LOVO, and HCT8 cells had higher expression levels of Smad4. Then, we also transfected the lentiviral Smad4 vector into the SW480 cells and got the stable cell model, SW480 Smad4 ( Figure 3B ). Smad4 reexpression inhibited cell migration and invasion in SW480 ( Figure 4A , B)
Cancer Management and and SW620 ( Figure 5A , B) cells, which is independent of TGF-β1. Smad4 reexpression increased the expression of E-cadherin (E-cad), and decreased the Vimentin (Vim) and Matrix Metalloproteinase-9 (MMP-9) expression ( Figures  4C and 5C ). Restoration of SMAD4 results in a marked decrease of Vim by inhibiting p-AKT and p-EPHA2, but significantly increased the E-cad by AKT-EPHA2 pathways in colon cancer SW480 cells ( Figure 6A ). We got the same phenomenon in colon cancer SW620 cells following stable Smad4 reexpression ( Figure 6B ). 
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Discussion
Colon cancer metastasis is the leading cause of death in colon cancer patients. 13 However, the molecular mechanism is not clear. Previous studies have shown that SMAD4 is strongly associated with the development of colon metastases, which plays the antimetastatic role in colon cancer metastasis. [14] [15] [16] Smad4, known as deleted in pancreatic carcinoma, locus 4 (DPC4), was first identified on the basis of frequent homozygous deletions and mutations affecting 18q21.1 in the pancreatic tumor, and was found to be involved in the TGF-β1 signaling pathway. 17 The Smad4 was deregulated in many cancers and was demonstrated to mediate tumor process including pancreatic cancer, hepatocellular carcinoma, and so on. 17 Some researchers have shown that Smad4 could inhibit the activity of wingless/integrated (WNT)/β-catenin signaling pathway in cancer, 10 inhibit the EMT process 9, 10 and changes the immune microenvironment, 1, 14, 16 which are involved in the tumor development and process.
In this study, we also demonstrate that Smad4 can regulate the migration and invasion abilities of colon cancer. However, the exact mechanism of Smad4-mediated tumor metastasis remains to be further investigated. Many studies indicate that miRNAs have important functions in tumor progression, especially recurrence, drug resistance, and metastasis. 4, 5, 8 Ahn et al reported that Smad3 regulated, at the transcriptional level, miR-200 family members, which themselves regulate ZEB1 and ZEB2, known as transcriptional repressors of E-cad, at the posttranscriptional level in a TGF-β-independent manner, which regulate EMT in gastric cancer cells. 18 Davis et al HCT116 LOVO HCT8 RKO
E-actin
Smad4
E-actin think that Smad proteins bind a conserved RNA sequence to promote miRNA maturation by Drosha. They think that Smads are multifunctional proteins that modulate gene expression transcriptionally through DNA binding and post-transcriptionally through pri-miRNA binding and regulation of miRNA processing. 19 Blahna and Hata reported that Smads modulated miRNA expression through both transcriptional and post-transcriptional mechanisms: 1) transcriptional regulation of miRNAs by Smads largely resembles the canonical TGF-β signaling pathway; 2) posttranscriptional regulation of miRNA biogenesis acts on pri-miRNA in the nucleus. 20, 21 Therefore, we hypothesize that Smad4 could regulate the expression of miRNA and Smad4-mediated activation or inhibition of miRNAs might influence colon cancer metastasis.
As far as we know, there are no reports about the miRNA expression profile following smad4 reexpression in a colon cancer cell model. In our previous study, we identify differentially expressed miRNAs in two colon carcinoma cell lines: SW480, derived from primary colon carcinoma, and SW620, derived from lymph node metastasis, which were obtained from the same patient. And it is the first systematic analysis of the differences of miRNAs between SW480 and SW620 cells, which demonstrated the potential miRNAs biomarkers for predicting colon cancer metastasis. 22 In this study, we further study the role of miRNAs in colon cancer metastasis. First, we established the colon cancer cell lines with stable overexpression of Smad4. Then, we used the next-generation sequencing technology to identify the differentially expressed miRNAs in the SW620 colon cancer cell line transfected with smad4 lentiviral vector. We found Smad4 reexpression significantly upregulated 43 known miRNAs and downregulated 10 known miRNAs expression. Furthermore, pathway analysis of predicted miRNA targets showed that these genes were mainly involved in protein-binding transcription factor activity, vascular smooth muscle contraction, pathways in cancer metastasis, and PI3K-Akt signal pathway. We also performed qRT-PCR and WB to validate the partial results of sequencing. We demonstrated that restoration of Smad4 resulted in a marked decrease of Vim by inhibiting p-AKT and p-EPHA2, but significantly increased the E-cad by AKT-EPHA2 pathways in colon cancer SW480 cells. Many studies indicate that targeting key signaling components of PI3K-AKT pathway by restoring or inhibiting miRNA function holds promise as a potential therapeutic approach to suppress EMT in 
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Smad4-mediated miRNA expression profiling in SW620 human colon cancer cells cancer 23 and miRNAs could promote cell migration via the AKT signaling pathway. 24 Therefore, we speculate that Smad4 could regulate the colon cancer metastasis via a new mechanism, that is, through 
Conclusion
This is the first systematic report of Smad4-mediated miRNA expression profiling in Smad4-positive and Smad4-negative SW620 human colon cancer cells, which may help us better understand the role of Smad4-mediating metastasis of colon cancer. 
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